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WIND TURBINE GENERATOR KOTOR BLADE CONCEPTS 
WITH LOW COST POTENTIAL 

T. L. Sullivan, T. P. Cahill, I). G. Gritted, Jr.,» and H. W. Oewehr** 
National Aeronautics and Space Administration 
Ixnvis Research Center 
Cleveland, OH 


Abstract 


Four processes for producing blades are examined. Two use 
filament winding techniques and two involve filling a mold or form 
to produce all or part of a blade. The processes are described 
and u comparison is made of costs, material properties, designs 
and free vibration characteristics. Conclusions are made regard- 
ing the feasibility of each process to produce low cost, structur- 
ally adequate blades. 

several techniques for producing wind 
turbine blades at low cost. This paper 
examines four of these techniques. 

The materials used in the blades are 
not necessarily less costly than more 
commonly used structural materials. 

However, the fabrication processes arc 
designed to greatly reduce the labor In- 
volved in producing blades. In two of 
the processes, all or a portion of the 
airfoil shape, twist and taper are pro- 
duced by filament winding fiberglass on 
a mandrel. In the other two processes, 
all or a portion of the blade dimension- 
al characteristics are obtained by fill- 
ing a mold or form. 

’Hamilton Standard Division, United Technologies Corporation, 

Windsor Locks, CT. 

* *Kaman Aerospace Co rpo ration, Bloomfield, CT. 
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1. INTRODUCTION 

The objective of the Federal Wind 
Energy Program, under the direction 
of the Department of Energy, is to ac- 
celerate the development, commercial- 
ization and utilization of reliable and 
economically viable wind energy sys- 
tems. For large (S100 kW) horizontal 
axis wind turbine generators (WI G's), 
one of the largest contributors to capi- 
tal costs are the rotor blades. 

NASA's Lewis Research Center has 
project management responsibility for 
studies to determine the feasibility of 


In the first filament winding pr«x*ess 
the entire blade, I. e. , spar and ahell. 

In wound using eonventii>nal techniques. 
Hie result la a monolithic blade struc- 
lure. The process was used to produce 
a blade 60 feet long. hi the second fila- 
ment winding process, a spar is wound 
using tape and results Ir 90 percent of 
the fibers parallel to the axis of the 
blade. The remainder of the blade is 
honeycomb stilfened filx-rglass that Is 
adliesivcly bonded to the spur. This 
process will Ik* used to produce a blade 
ISO foot long. The other two processes 
are designee! to produce t>0-foot blades. 

( hn process uses foamed urethane to 
make the entire blade while the other 
uses prestressed concrete to form 'he 
blade spar. The remainder of this 
blade is fiberglass that is attached with 
mechanical fasteners to the spar. Thu 
contractors and subcontractors respon- 
sible for each black’ are given in table I. 

The tiO- foot blades are representative* 
of the size used on 100 kW (designated 
Mod- 0 (1) (and 200 k\V <Mod-0A) WTO's 
presently operating or under construc- 
tion. The 1 50- foot blade is represen- 
tative of blades for WTG's capable of 
generating 1500 2000 kW in winds as 
low as I I mph (Mod- 2). All the blade's 
can Ik* considered to Ik* manufacturing 
prototypes .md they will not Ik* used on 
a WTG. 

The purpose of this paper is todeaeribe 
the various blades and the fabrication 
techniques used to manufacture them, 
to compare the blade costs, material 
properties, designs and free vibration 
characteristics, and to present conclu 
sions regarding the feasibility of each 
process for producing blades with ade- 
quate structural integrity as well as 
low cost. 


2 . 60- FOOT FIBKRQLA8K 

The !lumilt<*i Standard blade design was 
directed at udving maximum advuntage 
of the intrinsically low lalx»r filament 
winding process. Made sha|M*, airfoil 
sections and other physical characteris- 
tics were chosen with the automated 
winding process In mind. The blade 
assembly details are shown in figure 1. 
The resultant blade has a length of 
60 feet, a chord of 5. 57 feet at the root, 
a chord of 1,5 feet at the tip and utilizes 
NACA 2(10 XX series airfoil sections 
with thickness ratios ranging from :i:i to 
12 percent and a 12. 5° twist. The tie- 
sign was based on the* requirements fur 
o|M*ruting on Mod-OA size WTG’s. 

The blade, which consists of a load 
carrying spar und airfoil shaped shell, 
is fabricated completely from filament 
wmmd fiberglass, applied in continuous 
lengths, with winding angles selected U> 
provide the required material proper- 
ties. This approach provides a balance 
of material properties in all directions 
with good interlaminar and translaminar 
shear characteristics. Steel sleeves 
are built into the fiberglass spar to pro- 
vide a smooth transfer of load from the 
spar to the blade* retention bearing. 

The spar is the main structural mem- 
iter of the blade ami provides a major 
portion of the flatwise ;uul edgewise 
stiffness. The retention scheme is re- 
dundant in that the total blade loading 
e;ui lx* transferred from the spar to the 
rings either through Uu* ring to spar 
bond joint or through the double row of 
bolts which pass through the rings and 
the spar. 


The shell provides the aerodynamic 
planforn for the blade and transfers 
the aerodynamic loading to the spar in 


a i'ontinunuH fashion. The shell proper- 
ties arc not a significant contributor to 
establishing the overall blade properties 
for frequency placement and the Inboard 
end of the shell Is cut off at a 4.1° angle 
to avoid load buildup In this areu. The 
shell is filament wound directly on the 
spar. 

The fabrication task consisted of tool or 
mandrel fabrication and manufacturing 
prototype blade fabrication. These ac- 
tivities were performed at the Allegany 
Ballistics laboratory (ABI.) of Hercules, 
Inc. Existing equipment at ABI. was 
modified and new equipment was fabri- 
cated to construct a filament winding 
machine with the needed capacity. Fig- 
ure 2(u) shows the complete filament 
winding machine during spar trial wind- 
ing. Tool fabrication included the cen- 
ter steel shaft, spar mandrel formers, 
shell mandrel formers, shell windinK 
offset fixture, generating disks, and 
mandrel removal equipment. Blade 
fabrication included spar winding, re- 
tention adaptor sleeve bonding, shell 
windinK. heat cure, mandrel removal 
and inspection. 

2. 1 TOOL FABRICATION 

Center sti <1 shaft . The center steel 
shaft was a weldment constructed of 
rectangular box beams, channels, and 
flat plates. The completed shaft as it 
was installed in the winding machine is 
shown in figure 2(b). 

Sp ar nuuidrel formers . The sjxir man- 
drel formers were constructed in 45- 
inch lengths. Each 45- Inch length con- 
sisted of four airfoil shaped plywood 
bulkheads held in position by wood 
stringers and covered with an aluminum 
skin. Three 45-inch lengths were as- 
sembled together with the leading edge 


and trailing edge portions sepuruted by 
135- inch long wood keys which were 
held in place with metul ns Ik as shown 
In figure 2(c). Each section was at- 
tached to the next section by steel cables 
to facilitate section removal. 

Shell mandrel formers . The shell mun- 
drel formers were constructed In the 
same munner as the spar mandrel for- 
mers with airfoil shaped plywood bulk- 
heads, wood stringers, and aluminum 
skins. Itosltioning on the truiling edge 
of the spur was accomplished through 
the use of a slotted wood key placed 
over pins wound into the spur at various 
stations along the length. Removal wus 
accomplished by removing the key, col- 
lapsing the section away from the face 
and camber sides of the shell and slid- 
ing it along the spar. Figure 2(d) shows 
the first three 4 5- inch lengths of shell 
mandrel formers. The blend irom the 
blade butt to Die first airfoil section at 
the 7 5- inch station was fabricated from 
wood blocks machined to template fit. 

Shell mandrel offset fixture . An offset 
crank fixture was required for the shell 
winding operation because the spar and 
shell centerlines were not coincident. 

It is necessary during filament winding 
to rotate the mandrel nl»ut the geomet- 
ric centerline of the part being wound. 
This fixture attached to and offset the 
spar mandrel no that the center of the 
shell was at the center of the winding 
machine drive shaft. 

Oneratlng disks . In order to minimize 
material scrap during filament winding 
parts with varying wall thicknesses, it 
is desirable to terminate or drop off 
plies at various locations along the 
length of the part being wound. Through 
the use of symmetrical generating disks 
on the part, it is only necessary to wind 


to the <tlHk rather than to the owl of the 
part. Thu* loan material In wrapped 
when the unused pi .* of the ply Is cut 
awl dropped off. 

Trial winding . Final checkout of the 
svstem wan accomplished by trial wind- 
ings. The full spar mandrel was as- 
sembled on the center shaft and winding 
trials were conducted In three steps to 
confirm the ability of the winding ma- 
chine to produce the desired filament 
pattern on tin 1 blade. First, the full 
length pattern was programmed as 
shown In figure 2(a), Then, the man- 
drel sections were removed from the 
tip to the 570- Inch station where a gen- 
erating disk was assembled. The wind- 
ing pattern to the generating disk was 
programmed by slight modifications to 
tin- full length program. Finally, man- 
drel sections were removed from the 
570- inch station to the 545- inch station 
and a generating disk assembled at the 
:i 15- inch station. The final soar pat- 
ten) was programmed to complete the 
spar winding programs. Shell winding 
patterns were programmed after spar 
fabrication and shell mandrel assembly 
in the same manner as the spar patterns 
were programmed. 

2.2 M ANT FACT THING PROTOTYPE 
BIADF FAimiCATlON 

The blade was fabricated as follows: 

(lie spar was wound on its mandrel and 
Inner retention ring, the outer reten- 
tion ring and shell mandrel were in- 
stalled on the spa.\ and the shell was 
wound, cured and ti: » mandrels re- 
moved. On a production tooling basis, 
it is anticipated that total winding time 
should be on the order of <» hours. The 
materials used were E-glass roving 
and T It >N *20 resin with Jeffamine 
IKMO hardener. 


Blade retention adaptor sleeves . Both 
the inner and outer black 1 retention 
adapter sleeves were machined and then 
plated for corrosion protection. I nder- 
si/.e liolt holes were provided In the 
outer sleeve for use as drill flushing* 
for drilling the holes titrou^i the fllier- 
gluss and the Inner sleeve at assembly. 
The surface around the location of the 
holes on the inner sleeve was not plated 
to preclude plating chipping, cracking, 
or dc lamination during the sul>*f<|ucnt 
drilling operation. 

Spar . The spar was integrally filament 
wound over the inner adapter sleeve. 

The fiberglass thickness required be- 
tween the inner and outer sleeves was 
achieved by interleaving fiberglass 
cloth with filament layers. The first 
plies of Oils cloth were applied directly 
over the adhesive on the inner sleeve 
anii the first filament helical layer was 
wound over the cloth. Plies of filx>r- 
glass cloth were applied to the reten- 
tion area between each filament helical 
layer. The first helical layers were 
wound to the 345-inch station generating 
disk. Figure 2(e) shows the completed 
windings to the 345- inch station w ith the 
spar mandrel formers assembled 
through the 570-inch station generating 
disk. The remaining spar mandrel for- 
mers were assembled :uid the final 
helical layers were wound completing 
the spar as shown in figure 2(0. 


1 tutor adapter sleeve Imnding . Tile fin- 
ish wound spar was room temperature 
cured for Is hours so that the material 
in the retention area could Ik- machined. 
Thc> spar Itonding surface for the outer 
adapter sleeve was machined to obtain 
the proper bond line gap. Epoxy adhe- 
sive was applied to the spar and sleeve 
bonding surfaces and the sleeve was 
pushed onto the spar to the proper 
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rattl.il locution amt hold until I Mo adhe- 
sive Witt curod. I'slng tho pro- drilled 
holes In tho outer sleeve as drill bush- 
ings, tho adapter holt holes were 
drtllod and roumed to propor sl/o as 
•Mown tn figure 2(g). 

Shell . Tho aboil mundrol offset flxturo 
was assembled and covorod xxith a cowl- 
ing to provide a filament winding sur- 
faoo. Figure -’(hi shows tin sholl man- 
drel assembled to tho spar and hold In 
place with metal straps so that trial 
winding* could In- accomplished. Fol- 
lowing completion of the winding trials 
tho sholl was wound to tho 525- inch 
station as shown during winding in fig 
utv 2(1). The dark bands on the blade 
indicate the location of shell ply drop 
offs. Tho first and second sholl helical 
layers were wound to the 525- Inch sta 
tton generating disk, I’ho shell man- 
drel was then assembled to the tip and 
the final shell layer was wound over tho 
full length of the blade. \ 2-lnch wide 
nylon peel ply was wound oxer the shell 
for protection and to prevent filament 
surface contamination during mandrel 
removal and shipping. 

Hoa> cure . Vn insulated plywood cure 
hood was positioned around the finish 
wound blade and hot air was circulated 
through the hood to cure .ho blade at 
175° F for It! hours. Thermocouples 
on the blade at several locations were 
used to monitor material temperature 
to assure a proper cure cycle. 

Mand rel removal The tip of the blade 
and the inboard end of the shell wore 
trimmed to allow mandrel removal. 

The tail stock was removed and hy- 
draulic lacks wore used to release the 
center steel shaft so that the blade 
could lie pushed off the shaft. Spar 
mandrel formers wore collapsed and 


removed without difficulty. The shell 
mandrel becanu* lammed during re- 
moval and It was necessary to collapse 
tho aluminum skins on several sections 
before removing it completely. 


The completed blade tfig. 2(1)) was in- 
spected (X ray, bright light, tup test 
and dimensional) ;uxd sub|cctcd to ex- 
penmcntal modal analysis and strue- 

i") 

tural testing at Hamilton Stamlard. ' ' 
Tap lest and visual inspection of the 
blade showed an acceptable quality 
laminate. The black* was subsequently 
shipped to NASA for TV interference 
tests, and additional structural and 
material property testing. 


.1. 150 FIX' 1 l lltFKc’.l-ASS m.Al'F 


The Kit man 1 50 f t wind turbine blade 
is an all- compos lie construction, con- 
sisting of a filament wound glass fiber 
leading edge spar, afterbody panels of 
pai<er honeycomb and fiU*rglass skin, 
and a pultruded trailing edge spline. 

The general arrangement Is shown In 
figures 3(a) to tc). The .ifterbody 
panels are joined to the spar and spline 
by bonding. The blade Is attached to 
the hub by a steel adaptor which Is 
l tolled to the composite spar. A steel 
truss carries trailing edge spline loads 
to the adapter. The completed black* is 
expected to weigh approximately 12 000 
pounds. 

3.1 SPAR INSCRIPTION 

The blade Is an F glass c|x'xy com- 
posite, in which 00 percent of the struc- 
tural fibers are oriented nearly paral- 
lel with the longitudinal axis of the 
blade. The spar has three- dimensional 
structural taper in planform, depth, 
and wall thickness, which makes it 
necessary to reduce tin* distribution of 
structural material continuously from 
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root to tip. locul reinforcement In 
provided »t the blade root by Interleav- 
ing 1 4 5° glass cloth between layer* of 
the essentially unidirectional material 
to achieve a more nearly Isotropic 
structure for attachment of the root end 
udupter. A primary consideration In 
wind turbine blades Is the requirement 
for low cost Therefore, a well- 
characterlted, low- temperature curing 
epoxy resin system was selected for 
spar fabrication to avoid the cost of a 
large high- temperature oven for the 
150- foot blade. The resin system se- 
lected is Dow Chemical DKH 332 resin, 
CIHA HD- 2 diluent, and Uni Royal 
TONOX 6040 hardener. This resin 
system can be cured in 5 hours at 
180° F, 

Structural Composites Industries, 
Incorporated, under subcontract to 
Katnan, will use a proprietary filament 
winding process to fabricate* the spar to 
the Hainan design. The process Is fully 
automated, and is i apable of depositing 
large luantitios of composite material 
rapidly. It is estimated that the pro- 
cess could wind a 20 000- pound spar 
for the 150-foot blade in 8 hours, with 
production tooling. 

5.2 MANDREL FABRICATION 


work and welded to ribs and adjacent 
skins. The skin panels ure also plug- 
welded to the stringers. The mandrel 
for the prototype blade is simply sup- 
ported at the ends, and has a steady- 
rest near midspan, A production man- 
drel would U* designed to eliminate the 
steadyrest to reduce spar fabrication 
time. 

3.3 SPAIt WINDING 

For the prototype spar, a half- inch 
thick shell will be wound on the man- 
drel, und cured. At this point, man- 
drel extraction will be attempted, up to 
a pre-selected limit of applied force. 

If the mundrel breaks loose, no further 
mandrel extraction effort will lx* re- 
quired. If the mundrel does not break 
loose, the spar aft web will be slit with 
a power saw, and pried open to free It 
from the mandrel. Once the mandrel 
is free, the slit in the spar web will be 
closed and repaired with a spanwlsc 
doubler of +45° glass cloth over the en- 
tire length of the aft web. The mundrel 
will be reinserted und the spar wall will 
1 m* brought to full thickness. A layer of 
peel-ply cloth will be wrapped over the 
entire spar to facilitate removal of ex- 
cess resin and to provide u good sur- 
face for subsequent bonding operations. 


The prototype spar will l»e wound on a 
low-cost steel mandrel (i.g. 4(a)), 
wh'ch is a stressed- skin/st ringer de- 
sign mll:*r to uircroft wing structures. 
Ribs, spaced 3 feet apart, are arranged 
on a central pipe to provide the airfoil 
shape ;uid twist distribution. l/ingitu- 
dinal stringers are welded to the ribs 
anti skin to provide sufficient binding 
stiffness to limit mandrel deflections, 
and for resistance to buckling. I’hree- 
foot wide skins, l/8-inch thick are 
wrapped around the rib-stringer frame- 


It is expected that future production 
spa-s would be w’ound to full thickness 
in a single stage. A smooth production 
mandrel would insure easy extraction, 
thereby eliminating tin* need to free the 
mandrel prior to reining full thickness. 

3.4 TRAILING EDGE FABRICATION 

The blade afterbody will be made of 
prefabricated, top and bottom honey- 
comb panels bonded to the spat and 
trailing edge spline to complete the 
airfoil. Each honeycomb panel is laid 
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up on contoured tooling that conform* 
to the local airfoil shape, and then 
I mm led In an autoclave. For the 150 
foot blade, panel akin* will lie commer- 
cial grade fiberglass cloth, and the 
core will Ik 1 resin Impregnated paper 
honeycomb. The panel* will be 15 to 
.it) feet Ions and 2 to (I Inehea thick, de- 
pcndmK on their location In the blade. 
Flherglaas douhlera will provide rein- 
forcement at panel edge*. 

A at natural trailing edge upline ex 
tend* from the blade root to mldapon, 
tapering In croea-aectlon to conform to 
the airfoil trailing edge angle and blade 
edgewise stiffness requirement a. The 
aplinc la made from K- glass 'polyester 
pultruded plank* bonded together and 
then shaped to the desired contour. 

Steel check plates Imndcd to the Inboard 
end of the spline transmit axial loads to 
the root end adapter and tnisa. 

3.5 IU.ADK ASSK Mill Y 

In assembling the blade, the afterbody 
panels will lie Immlcd to the spar (after 
renx/Val of the peel ply front the spar 
surface), and to the trailing edge spline, 
using a room temperature curing paste 
epoxy adhesive, EA 93-IN A. The pancl- 
to-spar attachment is shown In figure 
1(b), and the panel- to- spline attach- 
ment is shown In figure 1(e). Approxl- 
mately ."s' pal pneumatic pressure will 
be applied to the external bond lines. 

A continuous "T" clip will provide a 
tension connection of the panel inner 
skin to the spar aft web. A syntactic 
foam adhesive will In- applied between 
the panel core and the spar to provide 
a shear connection between the core 
and spar. Die steel root end adapter, 
figure I (hi will be bolted to the rein- 
forced area of the blade spar with lk 
three- Inch diameter Ixdts and five- inch 


diameter bushings to achieve a uni- 
formity low stress level Ui the spar 
bolt holes. The steel adapter is a 
rolled plate weldment structurallv 
representative o! a wind turbine hub 
uiiuptcr, but designed in this program 
for attachment of the blade to a static 
,cst fixture. 

Although not required for the prototype, 
surface screening for lightning protec- 
tion would be provided in fully o|H' ra- 
tional rotor blades, and u neoprene 
guard for erosion protection. A poly- 
urethane palrd system would also be 
used. 

I. PHE8TRES8ED CONCRETE 
BLADE STl’DY 

The Initial Investigation Into the possi- 
bility of using pre* ires sod cone rote as 
a material for WTO blades consisted 
primarily of a conceptual design study. 
This Investigation showed the concept 
had sufficient promise that a follow on 
study was initiated to fabricate a WTO 
blade segment t> feet long. This section 
dt scribes the blade design deemed liest 
out of the three designs conceived and 
the process required to fabricate It. 

A schematic of the general arrange- 
ment of this blade is shown in figure 5. 
In addition, the fabrication of the 6-foot 
blade segment will Ik* described. 

I. 1 CONCK PTCAI, DKSION AND 
MAMTACTl HF 

Figure 6(a) shows a typical cross sec- 
tion of the concrete (xirtlon of the con- 
crete blade concept. It consists ol a 
heavilv reinforced section al the thick- 
est portion of the airfoil and a men* 
lightly reinforced leading edge and aft 
section. In addition to the prestrossed 
roils, Du- ei ncrete ts reinforced with 
wire grid. The airfoil is completed 


with a fiberglass reinforced plastic 
shell trailing edge. This ia shown In 
fi gure »i(h*. 

The concept for manufacturing tho con- 
crete portion of the blade la shown in 
figure flte). A stressing tig I* required 
for pretcnslontng the r«xls. Wire meah 
ia placed around the ateel roda. The 
inside shape of the blade ia formed 
using a retractable steul core. The 
outaide shape ia formed by hinged 
forms. Concrete la introduced Into the 
bottom of tho form. The form la vi- 
brated to insure a minimum of voids. 

The total weight of the rotor is reduced 
by limiting the concrete construction to 
one- half the blade length, from 55 U> 

85 percent span, as shown in figure 5. 
The calculated annual power loss from 
the root cut-out Is less th in 5 percent 
bccuuse tite root portion of the WTG 
blades contribute only a small amount 
of power. Steel tubing is used between 
the hub and the beginning of the airfoil. 
The tip section of the blade (15 percent 
span) is filx*i*glass n inforced plastic 
oxer a steel spar. 

4.2 BLADE SEGMENT 
MANUFACTURE 

In order to determine the feas'bllity of 
tin 1 blade concept discussed in the pre- 
vious section, several east concrete 
blade segments will be numufacturod. 
The segments will Ik 1 (i feet in length 
without twist or taper and with a cross 
section like that shown in figure 6(a). 

The segments will bo made as follows: 
Cores will Ik 1 made of cast foam mate- 
rial. A core will be placed inside the 
concrete form and positioned with plas- 
tic st;ualoffs. Steel rods will be posi- 
tioned through bulkheads in the con- 
crete form. For this study the rods 


will not be proton slotted. Wire mesh 
will Is* positioned around du rod*. 

After closing the hinged form, a light- 
weight, high strength concrete will be 
poured. The form will lx* ••quipped with 
a vibrator. 

The trailing edge ia made by hand lay 
up of resin Impregnated fiberglass on a 
male form. A drawing of the trailing 
edge and the moans of attachment to the 
concrete is shown In figure 6(h). 

5. URETHANE BLADE STUDY 

The urethane blade program was pri- 
marily a study of the feasibility of using 
urethane as u structural material in 
WTG blades. It concentrated on obtain- 
ing the mechanical properties of the 
urethane material rather than on design 
and fabrication of blades. However, a 
typical 7- foot span airfoil segment was 
fabricated and tested, lids section de- 
scribes the fabrication of the airfoil 
segment. The results of the material 
property tests are given in a subse- 
quent section. 

The blade was made using standard 
urethane molding techniques. One-half 
of the symmetric airfoil was molded at 
a time. A controlled amount of poly- 
urethane resin and an isocyanate were 
introduced into an impingement mixer 
at the base of die mold as shown in fig- 
ure 7(a). The mold was heated to 
140° F. The components were fed into 
the mold at a rate of 100 pounds per 
minute. The mix expanded to fill the 
entire mold and pnxluced a high modu- 
lus microcellular polyurethane foam 
structure. Cure time was approxi- 
mately 2 minutes. The airfoil half- 
section after removal from the mold is 
shown in figure 7(b). Two sections 
were adhesively bonded together to 
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make the complete airfoil shown In flg- 
urc 7(c). 

6. COMPARISON 0? BLADE 
CHARACTERISTICS 

In hla section the actual or eati mated 
costa for producing a single blade are 
compared. Alao, blade weight a and 
some of tbc mechanical propertlea of 
each blade material are given. Section 
properties, weights, natural frequen- 
clea and mode ahapea for the (10- and 
150- foot composite bladea and the con- 
crete blade are compared. 

0. 1 III ADK COSTS 

The moat important aapect of theae 
blade atudlea la coal. Without low coat 
potential, these blude fabrication pro- 
cedures would be of little i.a* to WTG 
technology . low cost can result from 
use of low coat materials, low coat 
fabrication processes, or a combina- 
tion of these two. Materials cost for 
the blades under consideration In this 
paper are compared In table II. They 
range from SO. 03 per pound for con- 
crete to SI. 50 to *2.00 per pound for 
epoxy resin. The cost of 2024- T3 
aluminum plate is included in table II. 
Tills is the alloy used in the present 
Mod-0 rotor blades. 

On the basis of materials coat alone, 
the concrete blude would have the 
greatest low-cost potential, in addi- 
tion, the fabrication process for pro- 
ducing the spar is one of low cost. 

For the filament wound blades, the 
greatest contribution to material costs 
on a per pound basis is the epoxy resin. 
This cost could he reduced to about 
one- third of its present value by using 
a polyester resin. The filament wind- 
ing process used to produce these 
blades shows promise as a low-cost 


fabrication method. For the urethane 
blade th<> m aterial coat ia relatively 
high I ait the fabrication method of filling 
a mold to produce a lilade shape ia one 
of low coat. 

rhe actual filament winding cost for the 
(50- foot blade was <121 000. This la the 
cost of labor and materials only and 
does not Include tooling coats or the 
cost of the blude- to- hub adupter, light- 
ening protection or painting. The cost 
of the first concrete Made is estimated 
to lx* $33 000. The materials cost In 
this estimate is based on uctual vendor 
quotes. The total cost includes the 
blude-to-hub adaiAer Imt not tooling 
costs. As u basis for comparison, the 
present Mod-0 \ aluminum blades cost 
approximately *200 000 each. This is 
the cost of a complete blade including 
blade- to- hub adapter, instrumentation, 
and ground testing. 

With the savings involved with large 
quantit) purchases and assuming a 
favorable learning curve, the costs of 
the filament ' mind and concrete blades 
should decrease when produced in 
larger ^lantitles. In addition the fila- 
ment winding process is amenable to 
automated control and the potential 
savings associated with this, 

8, 2 MATERIAL PROPERTIES 

tiO-Foot composite blade . In the (10- 
foot composite blade, the design fila- 
ment orientation ranged from j 20° to 
*30° in the spar and from i25° to i35° 
in the **•-’. 1. The resin used was EPQN 
H2(! with Joffamine 1)230 hardener. At 
present, extensive material property 
data is not available for this system 
but additional testing is planned. Some 
room tem|x>rature test results for 
material with a filament angle of a 30° 
are given in table III. 
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150- Toot compos lti blade Home 
mechanical properties obtained for the 
material used In the 130- foot composite 
blade art* also given In tatl 111 for two 
resin contents. The higher ream con- 
tent la typical of that obtained where 
the radlua of curvature of the blade la 
large while the lower la typical of a 
amatl radlua of curvature. The realn 
ayatem was DER 332 with Rl>-2 diluent 
and Tonox <1040 hardener. The mate- 
rial was cured at 180° V for 5 houra. 

Comparing the propertlea In table III, 

It can be aeon that the process used for 
the 150- foot blade reaulta In a material 
with su|x*rior longitudinal atrength and 
atiffncaa. I’-'wever, thla benefl il re- 
sult la accompanied with reduced truns- 
verse and inplane (Intralaminar) ahear 
propertlea. 

Concrete blade . No material property 
testa were conducted in the concrete 
blade program. However, the mechan- 
ical properties of the constituents of 
prestressed concrete are well known 
and summarized In table IV. The over- 
all steel volume content of the spar Is 
about 10 percent. 

t’rcthanc blade . The properties of 
nine different urethane formulations 
were determined. Four were micro 
cellular foams and five were rigid 
loams. Test specimens were made by 
Goodyear Fire and Rubber Research 
I^ilnratories while testing was done by 
the University of Akron, The proper- 
ties determined include density, ten- 
sile strength, compressive strength, 
shear strength, bearing strength, Im- 
pact strength, creep resistance 
I’uissons ratio, and flexural modulus. 
Also determined were the effects of fu- 
tigue and temperature. Here, the re- 
sults obtained from the most promising 


material for WTtl blades, I. c. , the one 
with the highest flexural modulus, will 
bo examined. 

A summary of the properties obtained 
for the high modulus urethane art' given 
in table V. On the positive side are 
density and strength. The ultimate 
strength to density ratio is 150 000 
inches. This compares to u yield 
strength to density ratio of 124 000 
inches for some structural steels. 

There urc several factors on the nega- 
tive side. While the formulutlon re- 
sulted In one of the highest vulues of 
modulus obtained to date for foamed 
urethane, It waa still not high enough 
to avoid the rcqui.t ment of additional 
stiffening with steel to produce a satis- 
factory blade. In addition, the lack of 
ductility In the material, as exemplified 
by low elongation and impact strength, 
makes brittle fracture at points of 
stress concentration and flaw growth 
under cyclic loading real possibilities. 

It Is therefore concluded that it would 
not be feasible* to fabricate Mod-0 size 
WTO blades from un reinforced ure- 
thane. 

<1.3 SECTION PROPERTIES AND 
WEIGHTS 

The distribution of flatwise bending 
stiffness, chordwise bending stiffness 
and weight can be compared in figures 
8(a) to (c), respectively, for the two 
fiberglass/epoxy blades and the con- 
crete blade. Note that the 150- foot 
f I her glass /epoxy blade has a different 
scale than the two 60- foot blades on all 
three figures. The stiffness values for 
the 00- foot fiberglass/epoxy composite 
blade were calculated from the actual 
dimensions of the blade. For the other 
two blades the values are design val- 
ues. The step changes in the plots for 
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the concrete b. ad ' take place where the 
prestres* bars an* « i < out. 

Wei^lla for the HO- foot blades arc com 
pared In table VI. The table include* a 
very preliminary estimate of the weight 
of a steel reinforced urethane blade. 

The Mod-0 and -0A aluminum blade 
weight* are atno Included In the table an 
a lusis for comparison. As designed, 
fllierglus* epoxy blades an- expected to 
weigh about ti.s same as the M«h 1-0A 
aluminum blade. However, the final 
ns- fabricated weight of the spar and 
shell of the composite blade was Hi per- 
cent greater than the design weight due 
to manufacturing problems. With the 
knowledge gained from fabricating this 
blade, it Is expected that the weight of 
future blaik ' would meet the design 
weight. 

The design weight of the concrete blade 
is a’ -ot 2. 5 times that of the aluminum 
1/ de Vhllc a small Increase In blade 
eight would have little or no impact on 
the remainder of the WTO systen, a 
2 at) percent Increase would require a 
redesign of critical blade pitch and 
drive train components and would In- 
crease the weight of other parts such 
us the lower. Therefore, the possibil- 
ity of Increased cost in other parts of 
the WTO must lie taken Into account in 
determining tin cost benefit of using 
concrete b.ados. 

The design weight of the urethane blade 
is .">0 percent greater than die aluminum 
blade. lids design weight includes the 
wr.ght of steel required to increase the 
Hlllfnos.s of the Mark'. A weight in- 
crease of this sl/.e may also require 
redesign of certain system components. 


6.4 NATl HAI. I' ItKQE ENVIES AM) 
MODE SHAPES 


Natural frequencies and mode shapes 
for the two fiberglass epoxy blades and 
the concrete blade were obtained using 
a finite element model of each blade. 

The blades ware modeled using bar ele- 
ments In the KASTRAN computer code. 
Element properties were obtained from 
the stillness and weight distributions 
presented in the previous section. 

Blade natural frequencies presented In 
the form of interference plots (Campbell 
diagrams) are given In figures 0(a) to 
(el lor the 60- and ISO- foot composite 
blades and concrete blade, respectively, 
I'or all three blades the first flatwise 
frequency Is well placed between Inte- 
ger multiples of the design rotaP'we.l 
speed, P. 


Natural frequencies for the 60- foot 

eom|s)slte blade were determined ex- 

(") 

perl mentally by Hamilton Standard, 
Table VI! compare a the experimental 
results with those predicted by the 
NAS THAN model .uut a Hamilton Stand- 
ard finite element model of the blade. 

In general the agreement between the 
predicted and measured results la good. 
However, the flatwise frequencies pre- 
dieted by the NAS TRAN model are aix>ut 
15 percent low indicating an underesti- 
mation of the flatwise (lending stiffness. 


Tiie lirst flatwise and first edgewise 
natural frequencies for the Mod-0 
aluminum blades as determined by 
test* -1 * are 1.73 Hz and 2.66 Hz. re- 
spectively. These compare to 1. 53 Hz 
and 2. 63 Hz for the composite blade 
(sec table VII). The edgewise natural 
frequencies of these two blades are 
nearly identical while the composite 
blade flatwise frequency is about 
12 percent lower. 


11 


ITudicted first flatwise amt first edge- 
wise mode shapes for the three blades 
at design rotational speed are shown in 
figures 10 to 12. As shown, ccntrifugul 
stiffening has a slight effect on the first 
flatwise mode shape. The first edge- 
wise mode shape is essentially unaf- 
fected by centrifugal stiffening. 

7. CONCLUDING REMARKS 

All the blades investigated in this paper 
have low cost potential. However, at 
this time actual low cost has yet to be 
demonstrated for all the blades. This 
section summarizes the results and 
conclusions specific to each blade. 

Go- Foot Fiberglass/ Epoxy Blade 

Of the four blades investigated this is 
the only one where, at the time of 
writing, the fabrication process has 
been demonstrated on a full size blade. 
Tests of this blade have demonstrated 
adequate strength and stiffness. Be- 
cause l»th the spar and shell are filu- 
ment wound, maximum advantage is 
taken of the filament winding process 
with its potential for low cost. The de- 
sign weight of this blade [f. the same as 
an equivalent aluminum blade. How- 
ever, weight control may be a problem. 

150- Foot Fiberglass/ Epoxy Blade 

The process used should produce blades 
with improved strength and stiffness 
because in the spar 90 percent of the 
f'.bers resist the major bending moment. 
The process also has the ability to wind 
material at a very rapid rate. How- 
ever, the blade trailing edge 1 must be 
fabricated and attached to the spar by 
nonfilament winding processes. The 
feasibility of this process in producing 
a full size blade is yet to be demon- 
strated. 


GO- Foot I Tea tressed Concrete Blade 

Because of the low cost materials used 
in the process, this black 1 has the great- 
est potential for low cost. Design stud- 
ies have shown the blade tc have ade- 
quate strength and stiffness. However, 
the hi»di weight of this blade will re- 
quire greater weight (and therefore, 
cost) in other parts of the WTG. In ad- 
dition. the fabrication process has yet 
to be demonstrated. 

Urethane Blade 

The fabrication process feasibility has 
been demonstrated on a short blude seg- 
ment. However, niateriul property 
tests have shown that the stiffness and 
ductility of the material are too low for 
it to be considered a feasible WTG 
blude material without significant rein- 
forcement. The weight of a steel rein- 
forced blade is estimated to bo 50 per- 
cent greater than an aluminum blade. 
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Made type 

Prime contractor 

Subcontractor 

U0- Foot fltHTulana/eiioK) -l 

Hamilton Standard 

llerculea, Inc. (Alii.) 

00- Foot concrete** 

FuthlU IXimp Co. of Calif, 
(formerly llallikaincn 
Ah hoc. ) 

Paragon Pacific, Inc. 

(10- Foot urethane*’ 

Concept Development Inal. 

Unlv. of Akron 

150- Foot flhornlaHH opoxy 1 

Kantan Acroapace 

Structural Com|>oaitca 
InduHtricH, Inc. 


‘‘Contract include* fabrication of manufacturing prototype. 
*’stud> ami Made Mgmenl manufacture contract only. 
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Material 

Coat, 

*/lb 

Frethane foam 

~1.00 

Concrete (high Htrength) 

.0.1 

ProstreMHlng rod (T-l xtecl) 

. 40 

Fiberula**, P-glasa roving 

. 30 

l'll)er«laH8, K-gloaa tape 

.05 

Kpoxy 

l. 30 - 2.00 

Aluminum plate (202I-T3) 

1. 15 


ORIGINAL PAGE'S 
OF POOR QUALIIY, 

























I' A HI K \ . IVI'ICAI. PltOl'KII I IKS OK IIICII 






i vm i vii l OMi’Aiusi*; 01 iunnmi' AM' 
mi vsiuiMNvmiu rmw» kmiks I IHI 


(.0 l iV'l i t'MIV'MIl IM VIM O' lyuO 


Mml«> 

I’mlliii il l n*»|u»>iu , y. 11/ 

Mcanunnl 


N VS V niisli'l 

1 1 .mi ill* 'it 

II 



Si iuutimi 



iiuhIcI 


FI rut H it wlMf 

1.32 

1. 4ft 

1. 33 

S.V.HIll rl.UMlHO 

3.40 

3. 73 

4.06 

riu iii rtaiwiMt* 

7.33 

S. OS 

S. 30 

rimt OtlRTWIM’ 

a. si 

2.31 

2. 6.1 

StVlMwl OiliiVMtM' 

9.6ft 

1*. SO 

0. 36 

I'll ml isli;t‘w lur 

34.71 

24.7ft 

22. :is 

I'lrM loraiiMi 

20. Il» 

as. .mi 

20. 20 








■aftfefcl .. >9 


SPAR/SHEIL 

MONOLITH 


FOAM ROOT CLOSURE 
INONSTRUCTURAL) 


OUTER RETENTION 
ADAPTER SLEEVE 


Figure 1. - 60-Foot filament wound blade 
assembly details. 
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<cl SPAR MANDRfl FORMFRS. 
Figure 2. - Continued. 
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(. ) SPAR COMPLETED TO 345-INCH STATION. 
Figure 2. - Continued. 




i 





=:; ; i 

» 

• • 

* 

*1 

m . * ' 

. i 

u 

1 





( f|» DRILLING of rftention adapter SLEEVE bolt holes. 


Figure 2. - Continued. 
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Figure 2 - Continued. 
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la) BLADE PLANFORM. 

Figure 3. - 150-Foot blade general arrangement. 
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(b) COMPONENT PARTS 
Figure 3. - Continued. 
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10 MID-SPAN SECTION. 
Figure 3. - Concluded. 
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yi SPAR MANDREL FABRICATION. 
Fkjure 4. - 150-Foot blade assembly details. 
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III IRAK INC. EDGI SPUN! AND AFTERBODY PANEL 
ATTACHMENT iROOT-END AREA). 

Figure 4. - Continued. 



(1)1 SPAR TO AFTERBODY PANEI ATTACHMLNT. 
Figure 4. - Continued. 
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Id I BLADE ROOT END ADAPTER ATTACHMENT. 
Figure 4. - Concluded. 
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id) TYPICAL SPAR CROSS SECTION 
(DIMENSIONS IN in.). 

gure 6. - 60-Foot concrete blade design, assembly, 
and spar manufacturing details. 
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(hi TRAILING EDGE ATTACHMENT METHOD. 
Figure 6. - Continued. 
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Figure 8. - Stiffness and weight 
distributions for WTG blades. 
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Figure 9. - WTG blade Campbell 
diagrams. 
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Figure 10. - 60-Foot composite blade predicted 
vibration mode shapes (40 rpm rotational 
speed). 


Figure 11. - 150-Foot composite blade vibration 
mode shapes (16 rpm rotational speed). 
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Figure 121 - 60-Foot concrete blade vi- 
bration mode shapes (40 rpm rota- 
tional speed). 
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